Background: Neurodynamics techniques aim to assess and improve neural mechanosensitivity. However, there is no in vivo evidence regarding the mechanical effects of these techniques in the nerve stiffness. This study examined the immediate effects of a slump neurodynamics technique in the sciatic nerve shear wave velocity (SWV. i.e. an index of stiffness) using ultrasound-based elastography. Methods: Fourteen healthy participants were included in this experiment. Sciatic SWV and ankle passive torque were measured during a passive ankle dorsiflexion motion (2°/s), before and immediately after 3 minutes of slump neurodynamics technique, randomly applied to one lower limb. The contralateral limb served as control. 
Introduction
Neurodynamics techniques, such as the slump position, are frequently used by health professionals to assess and improve neural mechanosensitivity 1 . Its use is based on the assumption of improving the mechanical properties of nerves and their relationship with mechanical interfaces 2 . However, to our knowledge, such benefits in humans have never been confirmed, in vivo. The effects of neurodynamics techniques on the peripheral nerves have been reported by several ex vivo 3, 4 and in vivo studies 5, 6 . Investigations using animal models have shown the viscoelastic behaviour of peripheral nerves, showing for instance a 30% reduction in stress relaxation after 5 min of constant strain (i.e. 6% 7 . Using human cadavers, a recent study reported strain values of approximately 8% for both the sciatic and tibial nerve, during straight leg raise manoeuvres 3 . Despite providing valuable information, these studies were not conducted in vivo, therefore conclusions are limited regarding the effects of neurodynamics in human nerves. In the recent years, B-mode ultrasonography has been used to assess in real time, the mechanical properties of human peripheral nerves 8, 9 . Transverse, and mainly longitudinal neural excursion have been extensively examined, with this technology, in the median 10 , tibial 11 , or in the sciatic nerve 9 , following different neurodynamics techniques. However, B-mode ultrasonography fails to provide information about the forces acting upon a nerve, such as stiffness. Peripheral nerves, as viscoelastic structures, have the ability to elongate when submitted to a certain load, which is the definition of stiffness 12 .
Sciatic nerve stiffness is not changed immediately after a slump neurodynamics technique Original article
Nowadays, it is possible to infer about the stiffness of soft tissues due to shear wave elastography. This method enables a quantitative measure of tissue shear wave velocity, which are the product of tissue displacement following ultrasound push beams 13 . The velocity of shear waves is correlated with the stiffness of tissues 13 . This technique has very recently been used to reliably measure the stiffness of the median 14 , tibial 15 , and sciatic nerves 16 , in both passive and active conditions. Moreover, shear wave elastography was also used to determine inter-limb differences in the stiffness of peripheral nerves, in people with chronic neuropathies 14, 17 . However, it is still to be determined if, and how, neural stiffness is changed by performing neurodynamics techniques. This study aimed to determine, in vivo, the immediate effects of a neurodynamics technique applied in a slump position in the sciatic stiffness, using shear wave elastography. We hypothesized that the slump neurodynamics technique would induce an immediate decrease of the sciatic nerve stiffness of healthy participants.
Materials and methods

Participants
Nineteen healthy volunteers were invited to participate in this study. Participants reported no neuromuscular disorders to the lower limbs or lower back, and signed the informed consent accordingly to the Declaration of Helsinki. This study was approved by the local Ethics Council (CEFMH Approval number: 3/2015), and follows the ethical standards of this Journal, as described by Padulo et al. 18 .
Equipment
Dynamometry
An isokinetic dynamometer (Biodex system 3 research, Shirley, NY, USA) was used to passively dorsiflex the ankle joint (2°/s), while ankle angle and torque were sampled at 1000 Hz. Participants laid prone with the lateral malleolus aligned to the dynamometer axis (Fig. 1 A) . The neutral position of the ankle (0°) was defined by the perpendicular position between the foot and leg, and determined by using an inclinometer.
Shear wave elastography
An ultrasound scanner (Aixplorer, version 10.0; Supersonic Imagine, Aix-en-Provence, France) was used to assess (1Hz) the sciatic shear wave velocity with a linear transducer array (SL 10-2 MHz, Super Linear, Vermon, Tours, France) in the muscularskeletal preset (penetrate mode, smoothing level 9/9, and the persistence off). The maximal shear wave velocity scale value was set as 17.0 m/s. The sciatic nerve was first identified transversely ( Fig. 1 B) by scanning the posterior thigh in B-mode, approximately 10 cm below the gluteal fold ( Fig. 1 A) , which was described as the best region for the sciatic nerve ultrasonographic assessments 19 . Then, the probe was orientated longitudinally until both superficial and deep epineurium could be observed (Fig. 1 C) . The probe location was marked in the skin with a waterproof marker, so repeated measures could be performed always in the same location. Clip videos with both B-mode and shear wave elastography modes displayed were recorded during measurements.
Electromyography
Surface electromyography (EMG) was used to record muscle activation, and to ensure a passive nature to the ankle motion. A telemetric system (Plux, Lisbon, Portugal) was used, and surface electrodes (Ambu R BlueSensor N, Copenhagen, Denmark) were placed in the semitendinosus (ST), medial gastrocnemius (MG), and tibialis anterior (TA) mid-belly of both lower limbs, through guidance of ultrasound (B-mode). Signals were sampled at 1kHz rate, amplified (x 1000) and digitized (8 -500 Hz bandwidth) before analysis. Resting EMG activity was deducted from the EMG values collected during the ankle dorsiflexion passive motion. EMG values were later normalized to the maximal isometric voluntary contraction (MIVC).
Procedures
Participants visited the laboratory in one single session. Before testing, the experimental lower limb (i.e. the limb subjected to the slump intervention) and the control (i.e. contralateral) lower limb were randomly defined. Pre and post tests were performed with the participants laid prone in the dynamometer and the pelvis firmly strapped. The participants' maximal passive ankle dorsiflexion range of motion (ROM) was determined by using a hand-held stop button. The ankle movement was performed at 2°/s, and the participants were instructed to stop the movement when they reached the point of stretching discomfort. Approximately 3 min after the ROM determination, four plantarflexion-dorsiflexion cycles, starting from 40° of plantarflexion to the maximal dorsiflexion angle, were performed at 5°/s for conditioning purposes 20 . Thereafter, the shear wave velocity of the sciatic nerve and the ankle torque-angle were assessed in two maximal dorsiflexion ROM repetitions (2°/s). Between the two repetitions (1 min rest), the probe was removed from the site of measurement, for repeatability purposes. After a 2 min rest period, the slump test sequence was performed to the experimental limb (Fig. 2) . Briefly, participants were seated with their hands behind the back, and were asked to flex their lumbar and thoracic spine into a slump position. Afterwards, cervical spine flexion was added, and passively maintained in this position by an examiner. While the control limb stayed relaxed, the knee was passively extended by a second examiner, while the ankle was maximally dorsiflexed, until the point of stretching discomfort. This position was statically maintained during 3 min (Fig.  2) . Immediately after the slump protocol, participants were re-positioned in prone position for the post testing. The post measurements were always performed first in the experimental limb, in order to rapidly assess the effects of the slump intervention. Finally, 3 MIVC repetitions for the knee flexors, plantar and dor-siflexors (1 min rest between repetitions) were performed for EMG normalization purposes.
Data processing
All data acquisition was synchronized by using an external trigger, saved in a personal computer, and processed using customized MatLab routines (The Mathworks, Natick, USA). Briefly, in the sonograms clips, the sciatic region of interest was determined by selecting the largest area within the epineurium in the elastogram window (Fig. 1 D) . This procedure was repeated for each frame (i.e. every second), to ensure that the region of interest would not be affected by the nerve motion during the maneuvers. When selecting the region of interest, care was taken to avoid regions of saturation (i.e. values higher than the ones supported by the ultrasound device), since they are considered as artifacts. Shear wave velocity values were calculated by converting the color pixels (in accordance with the scale) and averaged for statistical analysis. The sonogram clips with incomplete elastogram (i.e. elastogram in which the nerve region showed a partial absence of shear wave signal) were excluded from analysis. As the ankle maximal ROM was different between the participants, the ankle angles were normalized to the maximal ROM. Ankle range until 80% of maximal ROM was considered for analysis. This ROM cut-off was also used in a previous study 16 , since the elastogram in some participants reached the maximal value of the scale (i.e. 17 m/s), and considerable artefacts occur above this ankle ROM.
Statistical analysis
The intraclass coefficient correlation (ICC 2, 1) was determined to assess the intra-rater repeatability of the shear wave velocity measurements. In addition, the standard error of measurement (SEM), the minimal detectable difference (MDD), and the coefficient of variation (CV) were determined. The SEM was calculated as follows: SEM= √ MSE, where MSE represents the square root of the error mean square, obtained from the 2-way random effects analysis of variance. The MDD was determined by the formula MDD=SEM x 1.96 x √ 2, and the CV was calculated by dividing the standard deviation over the mean 21 . The repeatability parameters were determined for every 10% interval of the ankle ROM. The normality of the data was confirmed using the Shapiro-Wilk test. A 3-way repeated measures ANO-VA [limb (control, experimental) × angle (0, 10, 20, 30, 40, 50, 60, 70, and 80% of maximal ROM) × condition (pre, post)] was calculated to determine the effects of the intervention in the shear wave velocity of the sciatic nerve and in the ankle passive torque. The Bonferroni correction method was used for post-hoc analysis. Statistical significance was set at 0.05.
Results
During data collection, 5 participants (3 males, 2 females; 30.4 ± 10.1 years; 75.6 ± 14.3 kg; 1.75 ± 0.1 m) were excluded due to an incomplete shear wave elastogram. Consequently, the data analysis was performed in 14 participants (11 males, 3 females; 28.4 ± 6.7 years; 69.6 ± 8.7 kg; 1.74 ± 0.08 m).
During all the tests, a 1.5% ± 1.1%, 2.0% ± 0.9%, and 2.8% ± 1.3% of muscle activation were observed for the semitendinosus, medial gastrocnemius, and tibialis anterior muscles, respectively. The intra-rater repeatability outcomes for sciatic nerve shear wave velocity assessment are presented in Table I . In respect to the sciatic shear wave velocity (Fig. 3  A) , no effects were found for the limb (F 1,13=0.648, p=0.435) or condition (F 1,13=0.082, p=0.779) variables. However, a significant effect was found for the angle variable (F 8,104=47.604, p < 0.001). Post hoc analysis revealed an increased shear wave velocity at 50 to 80% of ankle ROM compared to the 0% of ankle ROM in both the experimental (p=0.04) and control (p=0.01) limbs, and in both the pre (p=0.01) and post (p=0.02) intervention. Similarly, no main effects were observed for the limb (F 1,13=0.342, p=0.569) and condition (F 1,13=2.498, p=0.138) variables regarding the ankle passive torque (Fig. 3 B) . However, a main effect was observed for the angle variable (F 8,104=51.901, p < 0.001). In both conditions, ankle passive torque significantly increased across all tested ROM (p < 0.01).
Discussion
This study used shear wave elastography to test the hypothesis that a slump neurodynamics technique would induce an immediate decrease of the sciatic nerve stiffness in healthy participants. The findings from this investigation led us to reject the hypothesis previously stated. Our hypothesis was based on the immediate effects of this technique in healthy people 22 , and also on the knowledge of neural biomechanics, where it has been shown that peripheral nerves present stress relaxation when subjected to a constant strain 3, 7 . However, we must keep in mind that most of this knowledge comes from animal or cadaveric studies, which use elongation intensities close to, or even beyond, the elastic limit of the neural tissue (i.e. the point where the nerve can resume its original shape 23 , and for periods superior to the 3 minutes used in this study. Moreover, live human peripheral nerves, in situ, have a different mechanical behaviour (e.g. different stress-strain curves), when compared to nerves excised 23 , proving the influence of the surrounding tissues in neural mechanical properties. Considering all these aspects, comparisons between these results and the ones reported for animal/cadaveric investigations must be made with caution. Nevertheless, we can say that this particular neurodynamics technique, applied in healthy participants, did not influence the sciatic nerve stiffness. Another possible explanation for the lack of significant differences may rely on the site of measurement for the sciatic nerve stiffness. In this study we measured the sciatic nerve shear wave velocity in the posterior thigh (i.e. below the gluteal fold), a site described as a location with good ultrasonic visibility and where the nerve is more superficial 19 . However, it has been shown that the sciatic nerve roots exhibit large displacement during bilateral SLR manoeuvres 24 , possibly implying large strain in the nerve roots. Although, to our knowledge, no studies have ever measured neural stiffness at the nerve roots level (i.e. which may be difficult to achieve with ultrasonography considering the wave reflection by the bone structures surrounding the nerve root) 25 , we hypothesize that measurements closer to the nerve roots of the sciatic might yield larger differences in stiffness, compared to more distal locations, and following neurodynamics interventions. The results from this study showed that the stiffness of the sciatic nerve becomes significantly higher as the ankle is rotated towards dorsiflexion. Specifically, significant changes in shear wave velocity were seen after 50% of ankle ROM. This corresponds, in average, to 2° of plantarflexion, which means that this may be the point where the sciatic nerve starts to build up more tension during ankle dorsiflexion with the knee fully extended. This is consistent with the findings of Andrade et al. 16 , who used an experimental set-up similar to ours, and showed significant increases in the sciatic stiffness during ankle dorsiflexion, with the knee in full extension. In another study with similar results 15 , it was observed a 136% increase in the tibial nerve shear wave velocity, when changed from a slack length position (i.e. hip and foot in neutral position, knee flexed at 90°) to a neural tension position (i.e. hip flexed, with the knee fully extended and the ankle dorsiflexed). In regards to the repeatability of the shear wave velocity measurements, we observed good intra-rater repeatability (ICC=0.74-0.95; CV=3.4-8.9%) for measuring the sciatic nerve stiffness during passive ankle dorsiflexion up to 80% of maximal ROM. Our results are consistent with a previous study 16 conducted also in the sciatic nerve during ankle dorsiflexion, which showed similar CV values (< 8.0%) and slightly higher ICC values (0.92 -0.98). Not surprisingly, we observed a tendency for a lower repeatability as the ankle dorsiflexion ROM increased. This is probably due to the building up of tension in all tissues surrounding the nerve (i.e. muscle and connective tissue), and also the nerve itself. The increase in tension may cause the transverse and superficial movements previously observed in the tibial and sciatic nerves during, respectively, ankle dorsiflexion and knee extension manoeuvres 9, 26 , affecting the repeatability of the shear wave velocity measurement. Moreover, the increasingly higher stiffness levels of the sciatic nerve were observed in the elastogram as saturation points (i.e. values of shear wave velocity above the limit of the scale used). Considering this situation, we had to exclude 5 participants due to unfilled shear wave elastogram windows. We have noted that these participants had greater thickness of both the subcutaneous adipose tissue and the deep fascia. Altogether, this may act as a barrier for the supersonic push to travel through the deepest tissues, such as the sciatic nerve (i.e. in average located at a depth of 4-5 cm). Future studies using shear wave elastography should consider these limitations when assessing peripheral nerves, especially deep nerves such as the sciatic. In addition to the limitations previously mentioned, we acknowledge that the 3 min duration of the intervention is not representative of a clinical practice context. Studies using neurodynamics techniques in a slump position do not use durations longer than 30s 27, 28 . However, we wanted to ensure that the neural tissue had time enough to adjust to the tensile load, and eventually to exhibit stress relaxation. Moreover, we did not measure the stiffness of the surrounding tissues, such as the long head of the biceps femoris. It should be relevant, in future research, to see if: 1) there is a relation between the stiffness of the sciatic nerve and the stiffness of the surrounding tissues; and 2) if the stiffness of the sciatic nerve is influenced by the stiffness of the surrounding tissues.
Conclusions
This study showed that a slump neurodynamics technique did not result in a decrease of the sciatic nerve stiffness, in healthy participants. These findings suggest that neurodynamics interventions which aim at loading the sciatic nerve, in healthy people, do not alter the mechanical properties of the neural tissue. Weather these findings are also observed in other techniques (e.g. straight leg raise), or in other populations (e.g. people with sciatica), is yet to be determined.
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